Introduction
============

Semiconductor quantum dots (QDs) have been intensively studied over the past few decades because of their wide range of applications such as in single-photon sources,[@cit1]--[@cit3] light-emitting diodes,[@cit4]--[@cit6] solar cells,[@cit7]--[@cit9] and biomedical labeling.[@cit10],[@cit11] Nevertheless, the practical applications of QDs are severely restricted due to their poor stability against air and moisture. To date, many approaches have been developed to improve the chemical/photostability of QDs, such as core--shell structure construction,[@cit12]--[@cit14] silica coating,[@cit15] polymer encapsulation,[@cit16] and embedding into salt crystals[@cit17] or siloxane films.[@cit18] Metal oxides such as aluminum oxide (Al~2~O~3~), titanium oxide, and zirconium oxide are often used for coating on metal, organic optoelectronic devices, and phosphors for protecting them from oxidation and corrosion, due to their excellent barrier properties against moisture and oxygen.[@cit19]--[@cit21] However, direct growth of metal oxides on individual QD still remains a great challenge.

It is well known that zinc blende CdSe QDs possess higher photostability than wurtzite CdSe QDs under ambient conditions, because a thin layer of CdO can be formed on the surface of zinc blende CdSe QDs through the oxidization of Cd in air.[@cit22] Besides, in our previous work, we demonstrated that aluminum (Al) can be successfully doped into the QDs to enhance the photostability, since Al in the shell can also be oxidized to Al~2~O~3~ in air and serve as a self-passivation layer. However, these spontaneous oxidation processes are usually very slow and the oxide layer may be loose; thus they are adverse to practical applications. In addition, as we all know, in the metallurgy industry, a dense metal oxide protective layer can always be quickly generated on metal surfaces by immersion in strong oxidizers (such as nitric acid,[@cit23] sulfuric acid[@cit24] and peroxides[@cit25]). Inspired by these findings, we envisage that inherent metals in QDs can be employed for rapidly generating a metal oxide layer on the surface of QDs through a proper oxidizing agent. Accordingly, herein we developed a sacrificial oxidation of a self-metal source (SOSMS) strategy to grow metal oxides on individual QD surfaces for protecting them from corrosion with high stability. Considering the strong acidity of nitric acid and sulfuric acid, which may etch the QDs, our study here focuses on benzoyl peroxide ((C~6~H~5~CO)~2~O~2~, BPO), which is a typical peroxide and often used as a radical initiator to induce polymerization in polymer synthesis. BPO has a weak oxygen--oxygen bond which can readily break and release a benzoic acid radical with high reactivity to promote the polymerization or oxidation processes.[@cit26]--[@cit28] Moreover, BPO is easily dissolved into organic nonpolar solvents, making it compatible with colloidal QD systems dispersed in toluene or hexane. The whole process can be described using a simple model and is shown in [Fig. 1](#fig1){ref-type="fig"}. Firstly, two typical core/shell QDs, CdSe/CdS and aluminum doped CdSe/CdS (CdSe/CdS:Al) QDs, were chosen as our target research systems. A CdS shell was epitaxially grown on the CdSe core without or with the doping of Al, and then treated with BPO, which behaves as an appropriate oxidizer and releases benzoic acid radicals (Fig. S1[†](#fn1){ref-type="fn"}) to promote the transformation from Al--S/Cd--S to Al--O/Cd--O, finally leading to the formation of a robust CdO or Al~2~O~3~/CdO hybrid oxide protective layer on the CdSe/CdS and CdSe/CdS:Al QD surfaces, respectively, for significantly enhanced chemical/photostability. In addition, we proved that this method could be extended to other metal-doped QD systems, such as CdSe/CdS:Cr QDs, CdSe/CdS:Zr QDs and CuInS~2~/ZnS:Al (CIS/ZnS:Al) QDs. Importantly, peroxide (such as BPO) treatment can promote the oxidation of metal on QD surfaces for improved photostability regardless of the reactivity of the individual metal, even including some inactive metals difficult to be oxidized spontaneously in an ambient atmosphere.

![Schematic of anchoring CdO and Al~2~O~3~/CdO hybrid oxide protective layers on the CdSe/CdS and CdSe/CdS:Al QDs, respectively.](c9sc01233h-f1){#fig1}

Results and discussion
======================

SOSMS strategy for CdSe/CdS QDs
-------------------------------

Firstly, we choose CdSe/CdS core/shell QDs as a model system. To perform the experiment of peroxide treatment, BPO (in toluene, 0.01 M, 100 μL) was slowly added into a CdSe/CdS QD solution (15 mg mL^--1^, Abs~600\ nm~ = 2) and this solution was kept at 60 °C for 2 h. After treatment, the QDs were purified and re-dispersed in toluene for further characterization. The transmission electron microscope (TEM) images of the CdSe/CdS QDs before and after BPO treatment are shown in Fig. S2.[†](#fn1){ref-type="fn"} Compared with the original QDs, after BPO treatment, the CdSe/CdS QD sample exhibited more uniform distribution. The average size slightly decreased from 9.9 nm to 9.4 nm. The optical spectra, shown in [Fig. 2a](#fig2){ref-type="fig"}, reveal that both the absorption and PL spectra exhibited a slight blueshift by about 3 nm. Furthermore, the photostability of CdSe/CdS QDs was measured on a blue LED module (details are given in the ESI[†](#fn1){ref-type="fn"}). The results showed that the photostability of CdSe/CdS QDs was indeed improved after BPO treatment ([Fig. 2b](#fig2){ref-type="fig"}). After 70 h of blue light irradiation, the BPO treated CdSe/CdS QDs retained 45% of the original PL intensity, while the value for the untreated CdSe/CdS QDs was only 5%. For detailed analysis, the X-ray photoelectron spectroscopy (XPS) data of the CdSe/CdS QDs are shown in Fig. S3.[†](#fn1){ref-type="fn"} We observed that the peaks of both Cd 3d and O 1s shifted to a lower binding energy after BPO treatment. In addition, the O content increased 1.9 times compared to its initial value (Table S1[†](#fn1){ref-type="fn"}). All these results suggested that the Cd--S bonds were likely to partly convert into Cd--O and quickly form CdO on the surface of CdSe/CdS QDs.[@cit29],[@cit30] However, the photostability improvement was still not satisfactory ([Fig. 2b](#fig2){ref-type="fig"}), perhaps because the CdO layer on the surface did not provide enough protection to QDs.

![The optical properties of QDs before and after BPO treatment. (a) Absorption and PL spectra and (b) photostability of the untreated and BPO treated CdSe/CdS QDs. (c) Absorption and (d) PL spectra of CdSe/CdS, CdSe/CdS:Al, and BPO treated CdSe/CdS:Al QDs. (e) Photostability of CdSe/CdS, CdSe/CdS:Al, BPO treated CdSe/CdS:Al, and commercialized QDs (25 °C, 60% RH). (f) The optical images of CdSe/CdS QDs (I), CdSe/CdS:Al QDs (II), and BPO treated CdSe/CdS:Al QDs (III) before and after 70 h light irradiation (175 mW cm^--2^, 450 nm).](c9sc01233h-f2){#fig2}

SOSMS strategy for CdSe/CdS:Al QDs
----------------------------------

Back to the metallurgy science, Al alloying has often been applied to improve the anti-corrosion properties of Zn or Cd metal because Al easily forms an Al~2~O~3~ layer on the metal surface with better protective ability than the Zn or Cd oxides.[@cit31] Here, with the aim of better stability, we tried to dope Al into CdSe/CdS QDs, and then expected rapid growth of an Al~2~O~3~ protective layer on QD surfaces by sacrificial oxidation of inherent Al. CdSe/CdS:Al QDs were prepared by a modified procedure reported previously.[@cit32] TEM images of CdSe/CdS:Al QDs (Fig. S4[†](#fn1){ref-type="fn"}) show that the Al doping does not generate any byproducts, but slightly changes the morphology and reduces the size of CdSe/CdS QDs. From X-ray powder diffraction (XRD) patterns (Fig. S5[†](#fn1){ref-type="fn"}), we can confirm that the CdSe/CdS QD sample exhibits a zinc-blende phase of CdS with three peaks assigned to (111), (220), and (311). After Al doping, the position of these peaks slightly shifts to a larger angle, which could be attributed to the doping of smaller Al atoms into the CdS shell.[@cit33] In general, impurity doping will generate some defects and thus affect the optical properties of QDs. The average PL lifetimes were 38.5 ns and 35.5 ns for CdSe/CdS and CdSe/CdS:Al QDs (Fig. S6[†](#fn1){ref-type="fn"}), respectively, which was in line with the variation of PLQYs (81% and 79% for CdSe/CdS and CdSe/CdS:Al QDs, respectively). These results indicated that a few defects were generated during the process of Al doping, but they didn\'t significantly affect the optical properties of QDs. This phenomenon can be explained by the fact that the electronic energy level of doped Al is above the conduction band of the CdS shell of CdSe/CdS QDs, and thus the Al is not involved in the exciton behavior of the CdSe/CdS QDs.[@cit34] Energy-dispersive X-ray spectroscopy (EDX) and Inductively coupled plasma emission spectrometry (ICP) results indicate the existence of Al atoms in QDs, and the Al/Cd molar ratios are 0.085 and 0.110, respectively. The successful doping of Al was further confirmed using high-angle annular dark field scanning transmission electron microscope (HAADF-STEM) images and elemental maps. We could control the doping location, for example, the Al atoms could be purposely doped only into the center of QDs (the details are shown in Fig. S7[†](#fn1){ref-type="fn"}).

As expected, the existing Al in the CdS shell led to a significant difference in the behavior of QDs after BPO treatment. Firstly, the size and optical properties did not show any obvious change (Fig. S8[†](#fn1){ref-type="fn"} and [2c and d](#fig2){ref-type="fig"}), which was different from the case of CdSe/CdS QDs: the size decreased (Fig. S2[†](#fn1){ref-type="fn"}) and optical spectra showed a blue shift ([Fig. 2a](#fig2){ref-type="fig"}) after BPO treatment. Secondly, the photostability of CdSe/CdS:Al QDs remarkably improved ([Fig. 2e](#fig2){ref-type="fig"}). After 70 h blue light irradiation, the PL intensity of the BPO treated CdSe/CdS:Al QDs remained unchanged (100%), and was much higher than that of the untreated CdSe/CdS:Al QDs (dropped to 65%), the treated CdSe/CdS QDs (dropped to 45%, [Fig. 2b](#fig2){ref-type="fig"}), and even the commercialized QDs (dropped to 78%). Furthermore, when we conducted an accelerated photostability test under harsher conditions (85 °C, 85% RH), the BPO treated CdSe/CdS:Al QD film exhibited the best photostability, and its PL remained almost unchanged after 200 h of operation (Fig. S9[†](#fn1){ref-type="fn"}). As shown in [Fig. 2f](#fig2){ref-type="fig"}, after 70 h light irradiation the BPO treated CdSe/CdS:Al QDs retained the same bright red emission, while the untreated CdSe/CdS:Al QDs and pristine CdSe/CdS QDs were severely faded and completely lost their emission, respectively. This obviously indicates that the BPO treatment produced a more robust protective layer to dramatically improve the photostability of CdSe/CdS:Al QDs. Nuclear magnetic resonance quantification confirmed that the oleic acid ligands remained on QDs after BPO treatment (Fig. S10[†](#fn1){ref-type="fn"}), which ensured that the BPO treated QDs maintained good colloidal stability.

To demonstrate the generation of the protective layer on CdSe/CdS:Al QDs after BPO treatment, several characterization studies were conducted. No evident changes were found in the XRD pattern (Fig. S11[†](#fn1){ref-type="fn"}). The high-resolution TEM (HRTEM) images of the untreated and treated CdSe/CdS:Al QDs are shown in [Fig. 3a and e](#fig3){ref-type="fig"}. They clearly show shell-like structures on the surface of the treated sample. Moreover, we performed detailed HRTEM-FFT analysis on single QDs (Fig. S12[†](#fn1){ref-type="fn"}), which confirmed that this shell-like structure was an amorphous structure. The HAADF-STEM images and elemental maps of CdSe/CdS:Al QDs before and after BPO treatment are shown in [Fig. 3b--d and f--h](#fig3){ref-type="fig"} and S13.[†](#fn1){ref-type="fn"} As expected, Cd ([Fig. 3d](#fig3){ref-type="fig"}), S (Fig. S13d[†](#fn1){ref-type="fn"}) and Se (Fig. S13e[†](#fn1){ref-type="fn"}) elements have obvious elemental profiles before treatment, which almost remain the same after treatment. Comparatively, the Al profile is relatively indistinct owing to its lower content, and interestingly, the Al signals are aggregated into some circles around these QDs after BPO treatment. This change may be related to the formation of an Al-related amorphous layer around these QDs. But we still don\'t know what exactly it is and whether it completely covers the surface of QDs or not.

![Morphology and chemical state characterization of CdSe/CdS:Al QDs before and after BPO treatment. HRTEM images of the (a) untreated and (e) BPO treated CdSe/CdS:Al QDs. (b and f) HAADF-STEM images, the (c and g) Al and (d and h) Cd elemental maps of (b--d) untreated and (f--h) BPO treated CdSe/CdS:Al QDs. XPS spectra of (i) Al 2p, (j) O 1s, and (k) Cd 3d of CdSe/CdS:Al QDs before and after BPO treatment.](c9sc01233h-f3){#fig3}

Furthermore, XPS characterization was performed. [Fig. 3i](#fig3){ref-type="fig"} shows the Al 2p XPS spectra of the untreated and treated CdSe/CdS:Al QDs. The Al 2p peak of the untreated sample appeared at 74.70 eV corresponding to Al--S or Al--OH.[@cit35] After BPO treatment, the Al 2p peak shifted to a lower binding energy of 74.30 eV, which is generally attributed to Al--O.[@cit36] Therefore, we speculate that the chemical bonding of the Al element has changed during BPO treatment, possibly from Al--S or Al--OH to Al--O. As shown in [Fig. 3j](#fig3){ref-type="fig"}, the peak of O 1s before BPO treatment could be divided into two peaks with binding energies of 532.1 eV and 533.8 eV. These two peaks were assigned to the Al--O bond of Al oxide and Al--OH bond of Al hydroxide,[@cit37],[@cit38] respectively. It is highly possible that some Al atoms in CdSe/CdS:Al QDs have been already converted into Al hydroxides and Al oxides during the open-air purification process using acetone or alcohol (containing trace water). But it is worth pointing out that this kind of conversion occurred only for a small amount of Al atoms of QDs, because the oxygen content before treatment was quite low compared to the high oxygen content after treatment (Table S2[†](#fn1){ref-type="fn"}). After treatment, the peak of O 1s was not perfectly symmetric ([Fig. 3j](#fig3){ref-type="fig"}). The main peak located at 532.0 eV with a percentage of about 70% was assigned to the Al--O bond in Al oxide. Meanwhile, considering the slight shift towards a relatively lower binding energy of the Cd 3d peak after treatment ([Fig. 3k](#fig3){ref-type="fig"}), another shoulder peak centered at 530.2 eV may be caused by the appearance of Cd oxide in the sample.[@cit29],[@cit30] These observations suggested that a certain Cd--S component was converted into Cd--O as well, which co-existed with Al~2~O~3~ to form a hybrid oxide (Al~2~O~3~/CdO) protective layer on the surface of QDs after BPO treatment.

Metal (Al) diffusion mechanism during the SOSMS process
-------------------------------------------------------

In order to further confirm the generation of the Al~2~O~3~/CdO layer on QD surfaces, an etching experiment following the ICP test was conducted on the untreated and BPO treated CdSe/CdS:Al QDs. The procedure of the etching experiment is provided in [Fig. 4a](#fig4){ref-type="fig"}. With the assistance of HF, the QDs were etched and peeled off layer by layer, leading to the shrinking of sizes ([Fig. 4b](#fig4){ref-type="fig"}) and gradual dissolution of Cd, S and Al atoms into the solution. After etching, the QDs were precipitated by the anti-solvent acetone. Then the supernatants were collected to determine the elemental contents and the concentration by ICP testing, while the residue from QD precipitation was re-dispersed again for the subsequent etching step. Therefore, the ICP results of the supernatants for each etching step represent the elemental compositions of the peeled surface layers at different depths. As shown in Fig. S14a and b,[†](#fn1){ref-type="fn"} the absorption spectra of the untreated and treated CdSe/CdS:Al QDs all underwent a blue shift to a shorter wavelength after etching step by step, suggesting the successful peeling of surface layers of CdSe/CdS:Al QDs. Obviously, as the etching continued, the ICP results shown in [Fig. 4c and d](#fig4){ref-type="fig"} reveal that the amount of Al in the BPO treated QD sample gradually decreased and the amount of S increased from the outer surface towards the interior, respectively. In contrast, for the untreated QD sample, the amount of these two elements remained constant with a small variation at different positions. These results strongly and directly confirm that the BPO treated QD sample has a more Al~2~O~3~ rich surface than the untreated one. Considering that in the initial peeled layer of the BPO treated CdSe/CdS:Al QDs a certain amount of Cd was also detected and both the S/(Al + Cd) and S/Cd molar ratios (Fig. S15[†](#fn1){ref-type="fn"}) were much less than those of the untreated one, we should point out that it was indeed a hybrid Al~2~O~3~/CdO layer located on QD surfaces after BPO treatment, which was in accordance with the XPS results ([Fig. 3i and k](#fig3){ref-type="fig"}).

![The mechanism of Al diffusion during the SOSMS process. (a) Schematic of the etching experiment. (b) Evolution of the QDs etched by the HF solution at different times. (c) Al/Cd and (d) S/(Al + Cd) molar ratios of the supernatants for the untreated and BPO treated CdSe/CdS:Al QDs taken at different etching times according to the ICP test.](c9sc01233h-f4){#fig4}

In addition, the Al/Cd molar ratio of the initially peeled layer (the first etching step, at the initial etching of 2 min) was 0.361 for the BPO treated CdSe/CdS:Al QDs, which was much higher than that for the untreated sample (0.126). As the etching process continued, the Al/Cd molar ratio decreased sharply. Even when the etching was over 8 min, the Al/Cd molar ratios of the peeled layers in BPO treated CdSe/CdS:Al QDs were less than those in the untreated QDs. This result clearly suggested that during the BPO treatment, some Al atoms in the deeper CdS shell of QDs possibly diffused from the inside towards the outside and accumulated on the QD surfaces to form oxides, thus boosting the photostability remarkably. Due to the self-purification effect, as Al is a type of impurity atom, the doping of Al into our CdSe/CdS QDs is relatively difficult due to the reduced size, and the doped Al atoms could also be inclined to be expelled to the QD surface spontaneously, which can be ascribed to the high formation energy of impurities. In this case, the BPO treatment promoted the formation of Al~2~O~3~ on QD surfaces from the doped Al atoms, which may also provide a driving force to facilitate the self-purification effect, leading to the interesting Al diffusion phenomenon.[@cit39]--[@cit41] This result further highlights the superiority of our strategy that a metal oxide (especially Al~2~O~3~) layer covering could be favorably generated on QD surfaces for significantly enhanced photostability, even with a relatively low doping level.

Universality of the SOSMS strategy
----------------------------------

From the above results, we can conclude that CdO and Al~2~O~3~/CdO hybrid oxide protection layers can be generated on the surfaces of CdSe/CdS and CdSe/CdS:Al QDs after BPO treatment. In order to investigate the universality of our approach on improving the photostability of QDs, we applied it to other metal doped CdSe/CdS QD systems, such as CdSe/CdS:Cr and CdSe/CdS:Zr QDs. The absorption, PL spectra and photostability results are shown in Fig. S16[†](#fn1){ref-type="fn"} and [5a and b](#fig5){ref-type="fig"}, respectively. Similar to the Al doping, the doping of Cr and Zr resulted in a slight blueshift of absorption and PL spectra due to the partially suppressed crystal growth of QDs. And after BPO treatment, the optical spectra remained unchanged. Importantly, the photostabilities of both the CdSe/CdS:Cr and CdSe/CdS:Zr QDs improved significantly after doping and subsequent BPO treatment. Specifically, compared with the CdSe/CdS QDs, after 70 h blue light irradiation, the remnant PL intensities of CdSe/CdS:Al, CdSe/CdS:Cr, and CdSe/CdS:Zr QD samples (without BPO treatment) were 65%, 46%, and 45%, respectively, which indicated that the photostability of CdSe/CdS can also be improved by Cr and Zr doping, but to a lesser extent than by the Al doping. The spontaneous oxidation process of metals to form metal oxides is determined by the reactivity of the individual metal, or the reduction of Gibbs free energy (Δ*G*~f~). Considering that the Δ*G*~f~ for the formation of Al~2~O~3~ (--1582.3 kJ mol^--1^) was more negative than that of Cr~2~O~3~ (--1058.1 kJ mol^--1^) and ZrO~2~ (--1042.8 kJ mol^--1^), the less pronounced photostability improvement of Cr and Zr doped CdSe/CdS than the Al doped one can be attributed to the more difficult oxidation process of Cr and Zr than of Al.[@cit42],[@cit43] However, after BPO treatment, the Al, Cr, and Zr doped CdSe/CdS QD samples showed significantly enhanced photostability and they all retained 100% of their original PL intensity after 70 h of blue light irradiation ([Fig. 5c](#fig5){ref-type="fig"}). These results clearly underlined that peroxide (such as BPO) treatment can promote the oxidation of metals on QD surfaces for improved photostability regardless of the reactivity or the Δ*G*~f~ of the individual metal, even including some inactive or inert metals which are difficult to be oxidized spontaneously in an ambient atmosphere. In addition, our method can also be employed in the CIS/ZnS:Al QD system for significantly improved photostability (Fig. S17[†](#fn1){ref-type="fn"}). Therefore, these results demonstrated that our SOSMS strategy should be a versatile method to grow metal oxide layers on QD surfaces and improve their stability.

![The universality of the SOSMS strategy on improving the photostability of QDs. (a) Photostabilities of the CdSe/CdS, CdSe/CdS:Cr, and BPO treated CdSe/CdS:Cr QDs. (b) Photostabilities of the CdSe/CdS, CdSe/CdS:Zr, and BPO treated CdSe/CdS:Zr QDs. (c) Photostabilities of metal doped CdSe/CdS QDs before and after BPO treatment and Gibbs free energy of formation for selected metal oxides (25 °C, 60% RH).](c9sc01233h-f5){#fig5}

Conclusions
===========

In summary, we have developed an effective approach to form a metal oxide passivation layer on individual QD by sacrificial oxidation of a self-metal source. By employing CdSe/CdS and CdSe/CdS:Al QDs, an appropriate peroxide (BPO) treatment can easily and rapidly convert the inherent metal (Cd and Al) on the surface of QDs to metal oxides (CdO and Al~2~O~3~). With this treatment, the photostability of QDs was greatly improved without damaging the optical properties. In addition, this method can be extended to other doped QD systems, such as CdSe/CdS:Cr, CdSe/CdS:Zr and CIS/ZnS:Al QDs. Principally, we believe that our approach is limited to neither QDs nor doping with Al, which makes it a versatile strategy for other nanomaterials, such as metal nanoclusters (Au,[@cit44] Ag,[@cit45] or Cu[@cit46]) and metal oxide nanoparticles (Fe~3~O~4~ [@cit47]) for improved photostability and opens up new avenues in various practical applications, including *in vivo* imaging, lighting and displays, environmental monitoring, and chemical analysis.
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